Background: Neuropathic pain is an intractable chronic pain condition caused by damage to the somatosensory system. Although non-coding RNAs such as microRNAs are important regulators of neuropathic pain, the role of long non-coding RNAs (lncRNAs) is poorly understood.
Introduction
Damage to the peripheral nerves of primary sensory neurons is a major cause of intractable neuropathic pain 1, 2 .
Although recent analgesics have improved neuropathic pain therapy, pharmacotherapy for neuropathic pain remains unsatisfactory because of its low efficacy and the risk of severe adverse effects 3 . After peripheral nerve in- Non-coding RNAs have critical functions in physiological and pathological nociceptive processing. MicroRNAs, which repress target gene expression at the posttranscriptional level 6 , are involved in pain modulation 7, 8 .
However, the involvement of long non-coding RNAs (lncRNAs), i.e., those longer than 200 nucleotides, is poorly understood in pain disorders, although tens of thousands of lncRNA genes are believed to be present in mammals 9 . LncRNAs were reported to have diverse physiological and pathological functions related to development and oncogenesis 10 13 . Regarding neuropathic pain, Zhao et al. reported that lncRNA Kcna2 antisense RNA has a causal role through Kcna2 protein downregulation, which induces neuropathic pain in dorsal root ganglion (DRG) neurons 14 .
lncRNA H19 was one of the first lncRNAs identified 15 and is an oncogene in a variety of cancers 16 . H19 is reported to function as a competing endogenous RNA 17 that binds to and blocks microRNAs through base pairing. In addition, H19 binds to protein molecules, to guide their localization 18 . Interestingly, H19 also functions as a precursor for microRNA miR-675, which is encoded in the first exon of H19 19 . In this study, we show that H19 is persistently increased in Schwann cells along the peripheral axon of primary sensory neurons under neuropathic pain conditions. H19 may thus be involved in the pathogenesis of neuropathic pain.
Materials and Methods

Animal Models
Male Sprague-Dawley rats (age 5-6 weeks) were used for all experiments. All experimental procedures were re- 
Behavioral Tests
Hindpaw withdrawal response to mechanical stimulus, a measure of mechanical allodynia, was determined with von Frey filaments (Muromachi Kikai, Tokyo, Japan). The weakest force (g) that induced hindpaw withdrawal was regarded as the paw withdrawal threshold, when the rat responded at least three times in five trials. To examine thermal hyperalgesia, we used the Plantar test (Ugo Basile, Comerio, Italy). Each rat was placed on a glass plate, and a radiant heat generator below the plate was used to stimulate the rat twice, with an interval of at least 5 min. Paw withdrawal latency was defined as the mean of the two trial results.
Microarray Analysis
RNAiso Plus (Takara Bio, Shiga, Japan) was used to extract total RNA from L5 DRGs 14 days after SNL or sham surgery. LncRNA microarray analysis was performed by using a custom microarray slide that included transcripts catalogued as genes that are not known mRNAs in the SurePrint G3 Rat GE 8×60 K microarray slide (Agilent Technologies, Santa Clara, CA, USA) and rat transcripts that were potentially homologous to known human lncRNAs. Gene-specific probes were constructed in accordance with the manufacturer's protocol (Agilent Technologies). Total RNA (100 ng) was subjected to cyanine 3-labeled cDNA synthesis by using a Low Input Quick Amp WT Labeling Kit (Agilent Technologies).
cDNA was hybridized on a microarray slide at 65°C for Amplification efficiency was calculated by assaying serially diluted samples, and relative expression levels were calculated.
In situ
To produce an in situ hybridization probe for H19, a fragment of H19 was amplified from rat DRG-derived cDNA by using forward (5'-GCCAGTCAAGACTGAGGC TG-3') and reverse (5'-GGGTTCAAGGTAGGGGGAAG-3') primers attached with EcoRI and BamHI restriction sites, respectively, and then inserted into pBluescript II (Agilent Technologies). After linearization, a digoxigeninlabeled RNA probe was synthesized by using T3 polym- Fig. 1 Dynamic changes in H19 expression in a neuropathic pain model. Mechanical allodynia (A) and thermal hyperalgesia (B) were examined on the control and SNL sides of rats after SNL (n = 7; *P < 0.05, **P < 0.01, and ***P < 0.001 by Mann-Whitney U-test for mechanical hyperalgesia and paired t-test for thermal hyperalgesia). (C) Microarray analysis was performed in the L5 DRG on the control and SNL sides 14 days after SNL. Differentially expressed genes are shown by filled circles. (D) Time course of changes in H19 expression was examined in L5 DRG by using quantitative PCR (n = 5-6; *P < 0.05, **P < 0.01 and ***P < 0.001 by paired t-test or Mann-Whitney U-test). 
Schwann Cell Isolation
The bilateral peripheral nerves (from the L5 spinal nerve to the bifurcation of the tibial nerve and common fibular nerve) were excised, cut to a length of 1 mm, and preserved in F12 medium at 4°C. Nerves were treated with 5 mg/mL collagenase (Wako, Osaka, Japan) and 1 mg/mL dispase II (Roche Diagnostics) in PBS for 30 min at room temperature. After trituration with gentle pipetting, the cell suspension was passed through a cell (A, C) H19 distribution was examined in the L5 DRG (A) and proximal nerve (C) of control and SNL sides 14 days after SNL by using in situ hybridization with a sense or antisense probe for H19. Arrowheads and arrows indicate primary sensory neurons and non-neuronal cells, respectively. Scale bars represent 100 μm. (B) H19 expression levels in different nerve regions were examined 14 days after SNL by using quantitative PCR (n = 5-9; *P < 0.05 and **P <0.01 by paired t-test).
strainer (pore size 60 μm, pluriSelect, Life Science, Leipzig, Germany) to exclude debris, and the cells were seeded on culture plate for 1 hour at 37°C under 5% CO2. Adherent cells were collected by using 0.05% trypsin/ EDTA (Wako) and treated with Thy1.1 monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA) and rabbit complement (Sigma-Aldrich) to remove fibroblasts, as previously described 21, 22 . The resultant Schwann cells were confirmed by immunostaining against a specific marker, S100 (Sigma-Aldrich).
Statistical Analysis
Values are expressed as the mean ± SEM. SPSS software (IBM) was used for statistical analyses. Normality of data was assessed by the Shapiro-Wilk test. If a normal distribution was assumed, the paired t-test was performed. If a normal distribution was not assumed, the Mann-Whitney U-test was performed. All tests were twotailed, and a P value of <0.05 was considered statistically significant.
Results
H19 was Persistently Upregulated in DRGs Under
Neuropathic Pain Conditions
SNL was performed in rats to induce neuropathic pain.
After SNL, the paw withdrawal threshold and latency were significantly decreased in response to mechanical and thermal stimulus, respectively, for at least 14 days (Fig. 1A and B) , which indicated that the rats had developed mechanical allodynia and thermal hyperalgesia. Microarray analysis to identify lncRNAs potentially involved in neuropathic pain revealed many lncRNA candidates with significant changes in expression in the L5 DRG at day 14 after SNL (Fig. 1C) . Of these, we focused on the well-characterized lncRNA H19, which showed the greatest increase among the abundant lncRNA candidates. Quantitative PCR revealed that H19 expression in the DRG increased during the 14-day period after SNL (Fig. 1D) .
H19 was Upregulated Along the Peripheral Nerve of Primary Sensory Neurons
To identify the cell type that expressed H19, in situ hybridization for H19 was performed. In the L5 DRG 14 days after SNL, H19 expression was observed in nonneuronal cells around nerve fibers but was much lower in primary sensory neurons (Fig. 2A) . The sense probe for H19 yielded no signal ( Fig. 2A) . Therefore, we examined H19 distribution along nerve fibers. In peripheral nerves proximal and distal to the ligated site, H19 was markedly upregulated at day 14 after SNL (Fig. 2B) .
Consistent with this, in situ hybridization showed that H19 in non-neuronal cells was increased in proximal peripheral nerve at day 14 after SNL (Fig. 2C) . In contrast, H19 expression was unaffected in the central nerve of DRG neurons (dorsal root) and motor nerve (ventral root), although their basal expression levels were higher than those in the DRG and peripheral nerve (Fig. 2B) .
H19 was Upregulated in Schwann Cells Under Neuropathic Pain Conditions
To determine whether H19 expression was increased in Schwann cells under neuropathic pain conditions, we isolated Schwann cells from the peripheral nerve. S100 immunostaining confirmed that complement-mediated cell lysis yielded Schwann cells at a high purity (>95%; Fig.   3A ). H19 expression was significantly increased in Schwann cells isolated from peripheral nerves at day 14 after SNL (Fig. 3B) .
Discussion
This study showed that H19 lncRNA was greatly and Alternatively, Schwann cells may be involved in nerve repair by means of trophic support of neurons 33, 34 . After nerve injury, Schwann cells de-differentiate and activate a repair program that includes upregulation of neurotrophic factors such as nerve growth factor, glial cell line-derived neurotrophic factor, brain-derived neurotrophic factor, and neurotrophin-3 33 . These growth factors are well-characterized in the modulation of nociceptive primary sensory neurons 35 . Schwann cells also support axon regrowth and undergo remyelination 36 38 .
In conclusion, we revealed a characteristic change in lncRNA H19 expression, which was persistently upregulated in Schwann cells along peripheral nerve proximal and distal to the injury site. Functional analyses of H19
in Schwann cells will provide further insights regarding the underlying mechanisms involved in neuropathic pain and/or nerve regeneration.
